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Magnetic measurements have been carried out in the superconducting and normal states of the
optimally doped nonmagnetic bismuthate superconductor Ba0.63K0.37BiO3. The magnetic data
along with previous µSR, resistivity, and tunneling data consistently show that there is a large
polaronic enhancement in the density of states and effective electron-phonon coupling constant.
The first-principle calculation within the density-functional theory indicates a small electron-phonon
coupling constant of about 0.3-0.4, which can only lead to about 1 K superconductivity within the
conventional phonon-mediated mechanism. Remarkably, the polaronic effect increases the electron-
phonon coupling constant to about 1.4, which is large enough to leads to 32 K superconductivity.
The present work thus uncovers the mystery of high-temperature superconductivity in bismuthate
superconductors, which will also provide important insight into the pairing mechanism of other
high-temperature superconductors.
The role of electron-phonon coupling in the pair-
ing mechanism of high-temperature superconductivity
in copper-based superconductors remains controversial
although there have been compelling experimental [1–
5] and theoretical [6, 7] evidences for strong electron-
phonon coupling and for the existence of polaronic su-
percarriers. Because copper- and iron-based supercon-
ductors are in the proximity of antiferromagnetic in-
stability, it has been generally believed that antiferro-
magnetic fluctuation plays an essential role in bringing
about high-temperature superconductivity in these two
systems. In contrast, high-temperature superconductiv-
ity in Ba1−xKxBiO3 (BKBO) and MgB2 cannot arise
from antiferromagnetic fluctuation because they are not
magnetic. The first-principle calculation of the supercon-
ducting transition in MgB2 within the density-functional
theory (DFT) and the multi-band anisotropic Eliashberg
formalism [8] can quantitatively explain the observed
transition temperature, the isotope effect, phonon energy,
and all other important physical properties. This im-
plies that the first-principle calculation within the DFT
should be able to accurately predict electron-phonon cou-
pling constant at least in nonmagnetic materials. On
the other hand, the electron-phonon coupling constant
of optimally doped BKBO is predicted to be about 0.3-
0.4 from the first-principle calculation [9, 10]. This
calculated electron-phonon coupling constant can only
lead to about 1 K superconductivity within the single-
band Eliashberg formalism. Therefore, the conventional
phonon-mediated theory is difficult to explain 30 K
high-temperature superconductivity in the nonmagnetic
BKBO. One possible alternative mechanism is that pair-
ing is mainly mediated by high-energy charge excita-
tions [11]. This mechanism requires weak coupling so
that the reduced energy gap 2∆(0)/kBTc is close to the
value (3.53) predicted from the weak-coupling Bardeen-
Cooper-Schrieffer (BCS) theory. The second possible
mechanism is that the effective retarded electron-phonon
coupling constant λeff increases significantly due to lat-
tice polaronic effects [12, 13]. Since the polaronic band-
width is reduced, the effective density of states and the
effective retarded electron-phonon coupling constant in-
crease by the polaronic enhancement factor fp. This pic-
ture is consistent with the other independent theoretical
studies of this system [14–16], which show that strong
coupling to the high-energy oxygen breathing mode can
lead to formation of polarons and even bipolarons. Re-
markably, the optical conductivity data of BKBO in both
insulating and superconducting phases can be quantita-
tively explained [16].
The polaronic model predicts a large reduction in the
optical Drude weight [16] and a large enhancement in
the effective density of states at the Fermi level N∗(0)
(Refs. [12, 13]). The Stoner enhancement is negligibly
small in BKBO due to a simple s − p hybridized con-
duction band and a large bonding length, so the spin
susceptibility of the conduction electrons is proportional
to N∗(0), which is enhanced by a factor of fp com-
pared with the bare density of states Nb(0). In con-
trast, within the conventional phonon-mediated mech-
anism, the spin susceptibility is proportional to the bare
density of states predicted from the DFT. Therefore, pre-
cise determination of spin susceptibility for this mate-
rial can make a clear distinction between the conven-
tional phonon-mediated mechanism and the unconven-
tional polaronic model. Here we report measurements of
the upper critical field, magnetic penetration depth, and
normal-state susceptibility of Ba0.63K0.37BiO3. The cur-
rent experimental results along with the previous tunnel-
ing spectrum [17] and muon-spin-relaxation (µSR) [18]
data consistently demonstrate the existence of a signif-
icant polaronic enhancement in the effective density of
states, which leads to a huge enhancement in Tc from
about 1 K to 30 K.
Samples of Ba0.63K0.37BiO3 were prepared by conven-
tional solid state reaction following the same procedure as
that reported in [19]. The detailed procedure is included
in the Supplemental Material [20]. Magnetizations were
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FIG. 1: a) Temperature dependencies of the field cooled mag-
netizations of the Ba0.63K0.37BiO3 sample in different mag-
netic fields (up to 90 kOe). b) Temperature dependencies of
critical fields measured magnetically H∗M and electrically H
∗
R,
respectively. The data for H∗R were taken from Ref. [21]. The
solid line is the curve with Tc = 32 K and Hc2(0) = 330.5±4.6
kOe, which was predicted from the model based on a large su-
perconducting fluctuation [22].
measured by a Quantum Design vibrating sample mag-
netometer. The absolute uncertainty of moment is less
than 1×10−6 emu. Figure 1a shows the temperature
dependencies of the field cooled magnetizations of the
Ba0.63K0.37BiO3 in different magnetic fields (up to 90
kOe). It is clear that the magnetic transition in the 10
Oe magnetic field is rather sharp. We define the crit-
ical temperature as the point of the onset of drop in
magnetization (see arrows in Fig. 1a). With this defi-
nition, we obtain phase diagram of the magnetically de-
termined critical field H∗M (T ) for this bismuthate super-
conductor, as shown in Fig. 1b. It is interesting that
the magnetically determined critical field H∗M (T ) coin-
cides with the electrically determined critical field H∗R(T )
for a single-crystalline sample with a similar composition
(Ref. [21]). This suggests that the critical fields obtained
from both magnetic and electrical measurements are as-
sociated with the same physical phenomenon. In con-
trast to the results for the conventional superconductors,
the critical field curve of the bismuthate superconductor
shows an upward curvature, which was well explained
in terms of a large superconducting fluctuation proposed
by Cooper et al. [22]. This model was also confirmed by
the results reported for the sample irradiated by heavy
ions [23]. Because of the superconducting fluctuation,
the critical fields determined from electrical and mag-
netic measurements are not true thermodynamic upper
critical fields at any finite temperature. Only the criti-
cal field at zero temperature is the true thermodynamic
upper critical field, which can be used to determine the
intrinsic thermodynamic quantities. Because of the large
superconducting fluctuation, the superconducting phase
transition is not of second order, but of third or even
fourth order [24, 25]. The higher-order superconducting
transition could make the specific-heat anomaly negligi-
bly small, in agreement with experiments [26, 27].
The solid line in Figure 1b is the best fitted curve by
the equation derived from the theory of thermodynamic
fluctuations [22]. The zero-field Tc is fixed to be 32 K
for fitting and the best fit leads to the intrinsic zero-
temperature upper critical field Hc2(0) = 330.5±4.6 kOe.
At any finite temperature, the measured critical field is
significantly suppressed compared with the intrinsic up-
per critical field.
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FIG. 2: a) Field dependence of the magnetization of the
Ba0.63K0.37BiO3 sample at 6 K. b) Field dependence of the
reversible magnetization for the the sample at 6 K. The solid
line is fitted by Eq. 2 with a fixed magnetic penetration depth
λ(0) = 198.5 nm determined previously by µSR [18] and a fit-
ting parameter of fs = 69.4±0.7%.
Figure 2a shows field dependence of the magnetiza-
3tion at 6.0 K. The field-up magnetization M+ is lower
than the field-down magnetization M−. The reversible
magnetization Mrev(H) can be calculated using the re-
lation: Mrev(H) = [M
+(H) +M−(H)]/2. According to
the London model, the field dependence of the reversible
magnetization is associated with the magnetic penetra-
tion depth λ(T ) as:
dMrev(T,H)
d lnH
=
fscφ0
32pi2λ2(T )
, (1)
where φ0 is the quantum flux and fsc is the supercon-
ducting fraction. However, it was shown that the London
model is quantitatively incorrect. More rigorous numer-
ical calculation showed that in the case of the Ginzburg-
Landau parameter κ = 100 and in the field region of
0.02≤ H/Hc2 ≤ 0.30, the London equation is modified
as [28]:
dMrev(T,H)
d lnH
=
0.77fscφ0
32pi2λ2(T )
. (2)
It is clear that the London model overestimates λ(T ) by
a factor of 1.14.
In Figure 2b, we plotMrev versus magnetic field H (in
a logarithmic scale) in the field region of 0.02≤ H/Hc2 ≤
0.30. The solid line is the best linear fit to the data in this
field regime. From the slope of the line and using Eq. 2
and λ(6K) = λ(0) = 198.5 nm (Ref. [18]), we obtain fsc =
69.4%, which is very close to that (∼70%) found from the
µSR data [18]. The quantitative agreement between the
µSR and magnetization data suggests that the obtained
λ(0) is reliable.
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FIG. 3: Field dependencies of magnetic moments for the
sample-holder alone and for the combined sample+sample-
holder. The solid lines are the best linear fits to the data
above 5000 Oe. The magnetic susceptibility of the sample
alone is −4.4×10−5 emu/mol.
In order to accurately determine the intrinsic normal-
state susceptibility of the sample, we measure sepa-
rately at 300 K the field dependencies of the mo-
ments for the sample-holder alone and for the combined
sample+sample-holder. The data are shown in Fig. 3.
Since the moment of any ferromagnetic/ferrimagnetic im-
purity is saturated above 5000 Oe, linear fits to the M -
H curves above 5000 Oe yield the intrinsic dm/dH val-
ues for the sample-holder alone and for the combined
sample+sample-holder, respectively. The susceptibility
of the sample is the difference in the dm/dH values di-
vided by the sample mass. Using this method, the in-
trinsic susceptibility is not influenced by possible pres-
ence of any ferromagnetic/ferrimagnetic impurity. We
have done several repeated measurements and found the
same susceptibility value (−4.4×10−5 emu/mol) within
5%. This value lies in between two values obtained
for two single-crystalline samples (−4.0×10−5 emu/mol
for Ba0.63K0.37BiO3 [29] and −5.3×10
−5 emu/mol for
Ba0.6K0.4BiO3 [25]). It is important to note that the
subtraction of the sample-holder contribution is reliable
only if the center positions of the sample-holder and the
sample are the same. We have carefully checked the rela-
tive positions from the well-defined signals of the sample-
holder and the combined sample+sample-holder. There-
fore, our current measurements of the normal-state sus-
ceptibility should be reliable and accurate.
With the reliably determined λ(0) = 198.5 nm and
Hc2(0) = 330.5 kOe, we should be able to determine
the thermodynamic quantities of the superconductor if
we can accurately determine the reduced energy gap
2∆(0)/kBTc. Fortunately, a high-quality tunneling spec-
trum [17] was measured earlier for BKBO with Tc = 32 K.
The point-contact tunneling spectrum is reproduced in
Fig. 4. The solid line is the best fitted curve using the
Blonder-Tinkham-Klapwijk (BTK) theory [30]. The fit-
ting parameters are displayed in the figure. From the in-
ferred gap ∆(0) = 5.95 meV and the measured Tc = 32 K,
we obtain 2∆(0)/kBTc = 4.31, indicating a quite large
electron-boson coupling constant within the conventional
strong-coupling theory. The result also rules out the un-
conventional pairing mechanism based on the interaction
with high-energy charge excitations [11], which would
predict 2∆(0)/kBTc ≃ 3.53.
From the reduced energy gap, we determine kBTc/h¯ωln
to be 0.107 using a standard expression for conventional
superconductors [31]:
2∆(0)
kBTc
= 3.53[1 + 12.5(
kBTc
h¯ωln
)2 ln(
h¯ωln
2kBTc
)]. (3)
From kBTc/h¯ωln = 0.107, Tc = 32 K, and assuming a
typical Coulomb pseudo-potential µ∗ = 0.1, we obtain
h¯ωln = 25.78 meV and λeff = 1.41. The experimen-
tally inferred numbers based on the conventional strong-
coupling theory would imply the conventional phonon-
mediated pairing mechanism in Ba0.63K0.37BiO3.
The first problem with this conventional phonon me-
diated mechanism is that the inferred effective electron-
phonon coupling constant is too large compared with the
first-principle calculation based on the DFT. The second
problem is that the electronic Sommerfeld coefficient γ is
calculated to be 8.18 mJ/molK2 (see Supplemental Ma-
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FIG. 4: Point-contact tunneling spectrum of optimally doped
Ba1−xKxBiO3 with Tc = 32 K. The data were digitized from
Ref. [17]. The solid line is fitted by the BTK theory with
the following fitting parameters: barrier strength Z = 4.5,
life-time broadening parameter Γ = 0.08 meV, and zero-
temperature superconducting gap ∆(0) = 5.95 meV.
terial [20]) from the unbiased parameters: λ(0) = 198.5
nm, Hc2(0) = 330.5 kOe, and kBTc/h¯ωln = 0.107. The
inferred γ value is larger than the bare Sommerfeld co-
efficient γb (1.08 mJ/molK
2 for Ba0.6K0.4BiO3 [32]) by
a factor of ft = 7.54. It is remarkable that this large
enhancement factor ft = 7.54 is in quantitative agree-
ment with the theoretically predicted enhancement fac-
tor within the polaronic model [16] (also see Supplemen-
tal Material [20]). In contrast, this enhancement fac-
tor is too large to be consistent with the conventional
phonon-mediated mechanism. According to the conven-
tional model, γ = (1 + λeff )γb. This would imply λeff
= 6.54, in serous contraction with the inferred λeff =
1.41 from the tunneling spectrum. Therefore, the con-
ventional phonon mediated pairing mechanism cannot
consistently explain the experimental results.
We can quantitatively explain the data in terms of
a modified strong-coupling phonon-mediated mechanism
[12, 13] where the strong electron-phonon coupling with
high-energy optical phonon modes leads to the formation
of lattice polarons, and the polarons are bound into the
Cooper pairs through the retarded electron-phonon in-
teraction with other phonon modes. Within this model
the polaronic effect simply enhances the effective density
of states by a factor of fp so that the effective retarded
electron-phonon coupling constant λeff increases by the
same factor, that is, N∗(0) = fpNb(0), λeff = fpλb,
where λb is the bare electron-phonon coupling constant
determined from the first-principle calculation within the
DFT. The total mass enhancement factor ft within this
model is given by
ft = fp(1 + λeff ) = fp(1 + fpλb). (4)
The enhancement factor 1+λeff arises from the retarded
electron-phonon interaction, which is treated within the
Migdal approximation.
Substituting the value of ft = 7.54 and λeff = 1.41 into
Eq. 4 yields fp = 3.26 and λb = 0.40. The inferred λb =
0.40 is in quantitative agreement with the first-principle
calculation [9].
The polaron mass enhancement factor fp of about 3.26
should be independently seen in the spin susceptibility χs
in the normal state. Within the polaronic model, χs =
µ2BN
∗(0) = µ2BNb(0)fp. On the assumption that the
nonsuperconducting phase is insulating and has zero spin
susceptibility, the total susceptibility χ is given by
χ = fscχs(1−
m2e
3f2pm
2
b
) + χcore + χpara(T ), (5)
where χcore is the core diamagnetic susceptibility and
χpara is the temperature dependent Curie-Weiss para-
magnetic susceptibility. With χcore = −7.8×10
−5
emu/mol (Ref. [11]), χpara(300K) = 0.33×10
−5 emu/mol
(which is estimated from the temperature dependent
measurement and also very close to those for single-
crystalline samples [25]), mb = 0.647me (Ref. [33]), and
fp = 3.26, we obtain χ(300K) = −4.36×10
−5 emu/mol,
which is in excellent agreement with the measured value
of −4.4×10−5 emu/mol. This quantitative agreement
suggests that the inferred polaronic enhancement factor
of 3.26 is reliable.
In summary, various experiments consistently demon-
strate a significant enhancement in the density of states
in nonmagnetic bismuthate superconductors due to the
lattice polaronic effects. The polaronic effect enhances
the superconducting transition temperature from about
1 K to 32 K. The present work thus uncovers the mystery
of high-temperature superconductivity in bismuthate su-
perconductors, which will also provide important insight
into the pairing mechanism of other high-temperature
superconductors.
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